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ABSTRACT

This is .-the third semi-annual report of a three year progra to investigate

those mechanisms which contribute to the long term degradation of diode

J %raaeters. This report is primarily concerned with the structuring, refin-

ing and verification of a Deterministic Model for diode failure. The Deter-

ministic Model is presently sepirated into two portions; reverse bias dg-

dation and forward bias degradation.

The reverse bias portioL of the model was derived and discussed in the second

Technical Documentary Report. This portion of the model is repeated in this

report, which also contains

- sample dtegradatioa rate constant calculations,

- a discubion of the preliminary verification of the model, j
- the planned test matrix to complete the verification and refinement

of the model,

- a summary of the failure analysis effort performed to structure and

verify this portion of the model.

The forward bias portion of the model has proved to be more complex than the

reverse bias portion. Tbe Oserved response to stress has been mlti-modal and

dependent on the measurement bias voltages. This port-ion of the model is being

structured, but the following points have been ietermined, and are discussed

in this report:

the temperature and pressure used in the sealing process have a ajor

effect in the degradation response pattern,
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m- the degradation patterns following the sealing process, forward

current stresses and at very '1gh temperature stress at zero bias

are identical,

- the degraded devices, -which had been stressed ip the sealing pro-

cess, exhibited microplasma light emission, low amplitude micro-

plasma noise pui.ses anid reverse voltage walout,

- the observed failure mecnanisms seem to be surface, rather than

bulk, related phenomena.

There is evidence to indicate that the model should be Oaspd on the high

temperature decomposition of a compound into components, at least one of

which is active in increasing the surface electron corcentration. The

planned test matrix to complete the structuring, verification, and refine-

sent of the mode) has been designed and is discussed in the report. In

addition, a sumary of the failure analysis effort performed to date on

this portion of the model is icluded. Failure analysis will become an

even more important part of the work effort to achieve the objectives of

the program. This report contains an explanation of the physical nature

of the failure mechanisms and a complete Failure Mode Chart which defines

failure codes and relates the failure mode categories, failure mechanisms

and failure causes.

The comprehensive step-stress tests have been continued. The 175 °C forward

current, forward voltage and reverse voltage stresses are completed, and the

data analysis will be included in the next report. The 2000C and 225OC

stresses will be completed next. The step-stress data will be used to extend

the raW of the reverse bias portlo of the Deterministic Model s well as

to make certain that all the necessary stresses are included in the Determin-

istic Mode test plan.
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SECTION I

DIODE nAGRADAT ION STUDIES

1.1 Introduction

The work of the current reporting period was concentrate4 on the leg-

radation which followed forward bias stressing. It was -ound that

there were other characteristic features of the degraded diodes in

addition to the excess reverse current. Degradation patterns, simil&r

to those resulting from forward bias stress, were also found to be

caused by some other types of stress. The sealing process, which sub-

jects the pellet to high temperature and pressure, lads to a degrada-

tion of the diode characteristics quantitatively similar to that re-

sulting from forward nurrent stresses. The degradation is relieved by

an annealing and heat aging process, although some of the degradation

remains in some of the units.Pellets which were studied before the

sealing process were found tv be very stable against forward current

degradation. Storing diodes without bias at high temperature was also

found to degrade the diodes in the same manner as the forwaed current.

The characteristic responses to these stresses were.

1. excess reverse current

2. walkout

3. microplasma light emission

4. microplasma noise.

Observation .,f microplasma light and noise suggested a model of the

failure mode based on ion motion in or near the silicou-silicon oxide

transition region which caused a decrease In the surface breakdown volt-

1



tie. The excess current was determined to be the superposition of the

- rrents of many localized breakdown regions.

1.2 The Nature of the Forward Bias Degradation

The following paragraphs describe the degradation response of the diode

following the application of large forward currents. Figure 1 shows a

log-log plot of representative voltage-current characteristics for cur-

rents les than one milliampere. For currents greater than one milliam-

pere, the forward current increased less rapidly with forward voltage,

and at 100 milliamperes, the mean forward voltage d;-op was 0.97 volts.

The primary degradation caused by forward current stressing was an in-

crease of the reverse current as measured at room temperature. The five

important variables which determined the change in reverse leakage cur-

rent were:

IF - The forward current at which the diode was stressed.

I - The ambient stress temperature.

t S  - The duration of the streps.

VR  - The reverse voltage at which the current was measured.

TM - The measuring temperature.

No significant changes in the forward rharacteristic, or in the reverse

characteristic below 100 millivolts, have been observed to result from

these stresses. To emphasize diode to diode variance, Figure 2 shows a

linear plot of the reverse voltage-current characteristic for three

diodes frm the same diffusion lot. Probing the reverse characteristics

of pellets which were not sealed showed:

2
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1. a lover average current in the range from 30-80 volts

2. less variation from unit to unit.

As discustsed below, the significance of this observation to the relia-

bility studies was that the pellets which were not fabriceted into fin-

ished devices were far less susceptible to the forward bias degradation.

Moreover, the fabrication process was known to lead to a mode of device

degradation which had many characteristics identical to those resulting

from forward bias stressing; that is, the fabrication process caused the

diodes to exhibit large reverse leakage cuirents, walkout, microplasma

noise, and light emission. Thus, the individual differtnces among

diodes shown in Figure 2 were the result of differing levels of degra-

dation resulting from the sealing process and differing amounts of re-

covery during the aging and annealing r "ocess. These effects will be

monitored in the deterministic model test plan, which is discussed later.

It did not appear, however, that the remnant damage following the aging

process provided a basis for screening the diodes for susceptibility to

forward bias degradation. However, ruccessful screening proceurts have

been demonstrated and will be discussed later.

#r
Figure 3 illustrate@ a response which was shown by roughly one-third

of the diodes tested. The solid lines show the state (neaured at room

temperature) of the diode after various periods of stress at forward

currents of 200 milliamperes and an ambient temperature of 1800 C. The

characteriati s were recorded with an X-Y recorder after e~ch period of

stress. The solid lines indicate the progressive nature of the degradation

and show that, unlike the reverse bias mode, there was no indication of

5
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any saturation of the degradation after long periods of stress. The

results of annealing the units at 4400C without an applied bias are

shown in the dashed curves. It is seen that there was a rapid initial

recovery, but after 18 hours the recovery was far from complete. In

less severely degraded diodes, nearly complete recovery resulted from

the annealing process. Temperatures in the 5000 C to 600°C range re-

sulted in recovery- at low voltages, but increased degradation at higher

voltages. Some of the diodes were found to degrade rath-r than recover

under zero bias annealing. The dependence on reverse measuring voltage L
was also different from that of the reverse bias failure in that the

A

excess current increased rapidly with reverse voltage, Figure 4 is a

log-log plot of the excess current as a function of reverat v.ltsge,

and the slope indicates that below approiimately forty volts SL was

proportional to VRnvith n values in tb* rwige from tvo to four-.

Larger exponents were nereasr r o fit ihe excess c ,nt .t large; volt-

ages in the heavil ieagraded due,,e,.. The fi*-t tw d e" n

were needed to fit the txmte~ current czrves vhen the 41ode had eiper-

ienced different mounts of str*** indlcatei t4t tbe pover iav cehavior

of the excess r,-%rent %-s not ftnd aentsl to the failure m.cha2ism being

investigatel. However, to distinguish this typo of degradstioa r.. that

shown to Figure 5, it is coovenient to use the tern power law degradation

for the behavior shown in Figures 3 ad 4.

Figure 5 shows another form of retverse current degradation frequently

observrd after forward bis stresng, 'here wat no excees current until

a certain critical volt#ge vas a pied,. Above this voltsae, the current

NO M ....... ...................
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increased rapidly. Observation of the excess current at higher levels

than those shomn in rigure 5 demonstrated that the excess current was

aPProxisately linear with voltage and that no decrease in the high

current (ab#,,e 1 milliampere) breakdown voltage had occurred. It was

found that continued stressing could result in a decrease in the critical

voltage, but often the result of continued stressing was the gradual

appearance of a power law degradation at low voltages. Heat treatment

at 40 0C without bias usually resulted in an iui.ease in the critical

voltage, but not in the complete recovery of the diode.

A third behavior found in ten to twenty per cent of the diodes was the

absence of any detectable degradation in reverse current below +1ghty

volts, even after prolonged forward current stress.

The same modes of degradation could be observed at lover ambient temp-

eratures, although longer duration stresses were required. With a room

temperature ambient, it was found that a forward current of 3(00 milliam-

peres would produce rignificant degradation in most units in less than

a day and very severe degradation within a week. The failure modes dis-

cussed above were the only ones detected for forward currents up to 300

milliamperes and temperatures up to 210 C. The rate of degradation was,

of course, dependent on temperature and current. At room temperature the

same failure mode applied to even higher current levels. Figure 6 shows

the rApid ooset of degradation at a current level of 500 milliamperes,

room temperature. It is seen that the diode could withstand this

current for periods of less thai a minutc, but severe degradation resulted

from the longer stresses. The degradation would have be a even more

rapd except that the diode was walked out after each period of stress

10
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(the phenomenon of walkout is discussed in detail in paragraph 1.4).

As the current was increased, similar degradation was experienced but

it occurred more rapidly, with 30 seconds at 0.9 amperes forward cur-

rent being roughly equivalent to 35 minutes at 0.5 amperes. Thirty

seconds at 1.2 amperes produced a new type of failure, but rectification

was stiil present and the diode drew 3.5 microamperes at a reverse volt-

age of 30 volts P.nd 180 microamperes at a reverse voltage of 60 volts. I
Thirty seeconds at 1.5 amperes resulted in a shorted junction, with a

resistance of 0.05 ohms, which was the series resistance expected from

the epitaxial material beneath the junction. The junction temperature f
at the 1.5 ampere current level probably resulted in the alloying of

the silver contact and the silicon which then resulted in the shorted

junction. It is important to note for the situation shown in Figure 6

that when the characteristic was measured at high current levels (in the

vicinity of one milliampere) it was found that the junction breakdown

voltage was unchanged from the nrestrees value.

To investigate the room temperature response to forward bias stressing,

four diodes were subjected to a forward bias of 300 milliamperes at room

temperature ambient along with two double heat sink diodes manufactured

oy a vendor other than General Electric. One of the General Electric

diodes remained stable under this stress for over a week and gave no

indication of failure. The other three diodes degraded badly after 20

to 40 hours of this stress. The diodes manufactured by the, other vendor

also failed, with a rate and magnitude of degradation very similar to

the three General Electric diodes. The mode of failure appeared to be

identical to the degradation of diodes under forward bias *at high

11
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tOMrature. In the first few hours, the diode characteristic hardened

SUightly prior to the onset of degradation.

Ths" is an important comparison between characteristics of the un-

stressed diodes in Figure 2 and those. of the degraded units in Figures

3wh *Q# 6. It is seen that unit I in Figure 2 had a characteristic

ftich resembled that of an initially harder diode which had undergone a

Substantial amount of power law degradation. Unit II had a characteristic

which resembled those of degraded units which had a rapid current increase

above a Critical voltage. This was confir-.tion of the idea that the

degradation which accompanied the sealing process, %nd which necessitated

the annealing and aging process, was of the same nature as that observed

following forward bias degradation. It also indicated that the annealing

and aging process did not completely remove this degradation. This compar-

ison also required that any attempt to calculate the reverse voltage-

current characteristics of the unstressed diodes nust allow for the presence

of an excess current component. This component could not be attributed to

uniform or nearly uniform pre-avalanche multiplication in the high field

region between the junction and the sub-epitaxial layer, since the break-

down voltage of this region was known to be unaffected by stress.

The temperature dependence of the excess current is shown in Figure 7.

The solid line shows the behavior of the generation current in the unde-

graded diode. The high temperature slope corresponded to an activation

energy of 0.71 ev which was which within the experimental error of earlier

(1)
observations for bilicon P-N Junctions. The change of slope below room

temperature was due to the freezing out of free carriers onto the dopant

ions. It is seen that the excess current resulting from forward bias

12
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degradation was less strongly temperature dependent than the Junction

generation current. This was different frm the excess current follow-

ing reverse bias degradation, which showed the same temperature depen-

dence as the generation current. The activation energy of .08 ev was

not a constant, but was smaller for higher measuring voltages, where

more excess current flowed. The weaker dependence on temperature made

the observation of excess current caused by forward bias degradation at

elevated temperatures more difficult than in the reverse bias case,

because at high temperatures the component due to forward bias degrada-

tion was small compared to the junction generation current. However, in

heavily degraded diodes, excess current caused by forward bias degrada-

tion could be observed at 140°C. Unlike the case of the reverse bias

failure mode, this technique has not proved useful for determining rates

of degradation.

1.3 High Temperature. Zero Bias. Stresses

It was found that heating the diodes into the range of 400 0C to 5500C,

with no applied bias, resulted in a degradation of the room temperature

reverse current characteristic which was identical with that produced by

forward current stressing. Both power law and abrupt increases in the re-

verse leakage current were observed but units showing power law degradation

were less comon. It was found thst the extent of the damage produced by

zero blas heating was completely different when the diode was cooled slowly

from the elevated temperature (over a period of five hours) than when the

diode was cooled rapidly, or quenched, (in a period of 5 to 10 seconds) by

placing it on a large room temperature heat sink. In the former case, not

much degradation, and often an isprovemept, was observed. However, when the

diode was quenched from the high teaperature, degradation was always observed.

15



Figure 8 shows the behavior of one diode which was subjected to repeated

periods at 5000C. The cross hatched bars show the reverse voltage which

W1 necessary to maintain a reverse current of 10 microamperes. The

solid bars show the reverse voltage which was necessary to maintain a

reverse current of 40 nanoamperes. The recovery which occurred when the

diode was heated and slowly cooled is Very evident. After the first slow

cooling, it is seen that the reverse characteristic was even harder than

it vas before the temperature stress. The diode was quenched after each

period at the elevated temperature except for the two cases marked slow

cool. It my be seen that the major degradation took place in the first

hour followed by a gradual degradation. This pattern was expected since

other experiments had shown that most of the degradation at 5000C occurred

in the first two minutes. After the diode had been heated and ccoled

slowly, considerable recovery was observed. This response pattern should

provide information on the true temperature dependence of the mechanism

responsible for ti.e forward bias degradation.

The basic similarity between the forward current - induced degradation

and the degradation caused by zero bias, high temperature stressing was

established by the presence in both cases of walkout, microplasma noise,

light emission and by the similar dependence of this excess current on re-

verse bias. During the second set of quenches shown in Figure 8, between

41 and 49 hours, the ambient stress temperature was raised to 550°C with-

out markedly increasing the degradation.

In addition to degrading the room temperature reverse-current characteris-

tic, the high tempera" ":re stresses affected the silver to silicon anode

contact. In one case, after quenching the diode was open circuited

16
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i t @itact was restored by another heating-cooling cycle. There also

1 B de rese in the low voltage current flow, indicating an increased

6=tact potential. Keating the diodes to still higher temperatures

(6000 C) led to the flow of the sealing glns. and usually to a change

Of POSition of the heat sink slugs relative to the silicon pellet. These

distorted diodes were usually open, or had large forvard voltage drops,

sad for this reason 5500C vas about the practical limit for heat stress-

Ug or annealing the dkcle. It should be noted that lead oxidation,

lhile severe, was not a limiting factor in these heating experiments be-

cause of the short stress tims.

1.. Wakot

A recurring feature of the forward bias failure mode was the presence of

walkout (or push) vhich vs a spontaneous hardening of the reverse voltage

-current characteristic vhen large currents were first applied to the de-

gaded diode. A typical walkout effect is shown in Figure 6. In the

prestress condition, the reverse characteristic was stable and could be

measured to currents above oe milliempere vithout causing say instability.

Aftor a period of forvar, bias stress, an excess curreat appeared above a

critical voltage vtich decreesed with increasibe stresses. It was found,

o r, that the exces current was not stable and if the voltage vas held

fied 'ut .6%0 the critical valuo, the current 4ecreased rapidly toward

the prestress Value. Mt of the decrease occurred in the first Z) seconds

after the overvoltage wat applied but a gradual decrease cotinued for

about to mjutes. If the measuring voltage vs increased a volt or two,

the Vwole process wa repeated with the original measuring voltage acting

as the critical voltage. This process could be repeated many times,

18
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restoring nearly the prestress characteristic over a range of 30 to

40 volts. Walkout was accomplished more rapidly by applying a large

overvoltage, sufficient to produce reverse current in the range from

100 microamperes to 1 milliampere. When this was done for one minute

or so a large recovery in the low current characteristic was observed

as shown on the dashed curve in Figure 6. After this period of walkout

the reverse voltage-current characteristic was found to be stable up to

the voltage at which the walkout was performed.

It was possible to record the progress of walkout Ls a function of time

by connecting the diode to a constant voltage source and measuring the

decreasing current or by using a constant current supply and measuring the

increasing voltage. Figure 9 shows a semi-log plot of the results of the

first procedure for a non-gold doped diode which had been stressed with a

current of 200 milliamperes at a temperature of 215°C for 2 hours. The t
behavior was quantitatively like that observed in the gold doped diodes.

A reverse voltage of 32 volts was applied when the critical voltage for

excess currents was 28 volts. Instantaneously, a current of 1.7 micro-

amperes flowed which decayed in 5 seconds to 0.8 microamperes and in 10

seconds to 0.32 microemperes. From this point on, the time dependence of

the current could be represented by:

IR " C1 exp (t/t I ) I C2 exp (t/t2) where

C, a 490 nanoamperes and C. - 65 naolsmperes.

The time -onstants t I and t were 17 seconds and 97 seconds respectively.

Figure 10 shows the results of the procedure of maintaining a constant cur-

rent of 2 micromperes while *_ voltage increased. Here, again, the walk-

out shoved &n ex;onential behavior with two components, one of which satur-

ated kore qaikly than the other. The curve was accurately represented by "

19



I - 15 - 23 exp (t/270) - 19 exp (t/15)

where VR is in volts and t is in seconds.

The walkout was observed in diodes at;er sealing and before the annealing

and aging, In diodes which had been degraded with forward bias, and diodes

which had been degraded with zero bias, high temperature storage. This

was evidence for the coamon origin of all thrce types of degradation. In

all three situations, the time dependence of wealkout was similar and

could be accellerated by increasing the overvoltage. Walkout was observed

in diodes showing power law degradation as well as those with abrupt in-

creases in reverse ourrebt. If walkout originated from localized heating,
the excess current must have been very concentrated ah walkout was often

observed for currents less than 40 nanoamperes at voltages less than 40

volts where the total power 'nto the junction was only !.6 microvatts.

It is not clear, at the prepant time, whether the duuble exponential

time dependence of the walkout represents a fundamental property or is

merely a superficial effect. The tire scale of the walkout is inter-sting

beca&se it requires a very long period compared to most electricai events

in silicon and a very short period compared to ionic processes in sjlicovt

or silicon oxide, at room temperature. it is possible that the w&lkcout

iL related to the time dependent breakdown voltagses observed in high. volt-

age rectifiers.

1.5 Mic-ru ~lassA $Oise

The iegradation resulting from forward bias stressing va sug.estive of an

av~iianche breakdown mechan im and, for this reason, a search via male for the

randda., rectar4ular noise pulses known to accopary such briakdcewn. The
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reverse current of the degraded diodes was found to have a large noise

ccmponent and, in about 10 per cent of the units studied rectangular

current pulses were observed.

In gas discharge physics, the highly conducting regions of a neutral

(3)
gas are referred o as a plasma and by analogy Rose designated small,

highly conductive, regions of P-N junctions as microplasmas. Micro-

plasmas result from the presence of some defect near the Junction which

causes this local breakdown voltage to be smaller than the value char.-

acteristic of the junction as a whole. Consequently, as the reverse

voltage is increased above a critical value the microplasma goes into

avalanche and large reverse currents can flow, although the reverse

voltage is !cas tha" Lhe true junction breakdown voltage. The current

resulting from a single microplasma is piece-wise linear, and is given

by:

I =(VR -VO) RS VR>V 0

I= 0 V <V0

Here V is the breakdown, or turn-on, voltage of the microplasma and
0

R is a series resistance which limits the current through the avalanching
S

region. The current is, of course, superimposed on the normal reverse

current of the rest of the junction. The resistance, RS, is the sum of the

spreading resistance of the path leading to the small breakdown region and
(14)

h spsce charge component. Microplasma breakdown is localized in regions

one micron or less in diameter.

It is found that once a microplasma breakdown is ini'iated,, it does not

continue indefinitely even though the ieverse voltage is held constant
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at 4 value greater than VO . Rather the current flows as a sequence of

(5.6,7)
randomly spaced rectangular pulses . The pulses are characterized

by:

PO01 - the turn on probability per unit time.

P10  - The turn .,ff probability per unit time.

The reciprocal of ;?1 represents the mean time between pulses and 1/P o

is the mean pulse length. The two probabilities are voltage dependent

with P0 1 increasing and P10 decreasing rapidly as the reverse voltage is

increased above VO . For overvoltages large enough so that PiO is very

small, the pulse length becomes very long, th. microplasma is turned on

almost all the time, and the noise component of the microplasma current

vanishes.

The circuit shown in Figure 11 was constructed to look for microplasma

noise pulses. The resistor in series with the diode provided a voltage

pulse across the oscilloscope input each time there was a current pulse

generated in the diode. The circuit was built inside a metal box to re-

duce pickup noise and the signe, was carried to the CRO with shielded

cable. The shielding was not required for the smaller series resistors,

but it was necessary whe, the 100 kilohm or 1 megohm resistors were used.

The diodes which had been degraded with forward current were found to

contain an easily measured noise component in the reverse current, The

maximum sensitivity of the oscilloscope used was 5 mv/division. Using

this sensitivity, the noise was best observed across the one megohm re-

sistor although it could be seen when the 10 kilohm resistors were used.
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.he pitude of the noise was voltage-dependent. There was no noise

CeV=eft for voltages below the onset of the excesS urrent a.d the

"1*e Mplitude increased rapidly with voltage above this level. This

feou was observed to acccapany the excess current in the following

types of unit:

1. diodes degraded by forward bias stressing (both in units showing

power law and critical voltage ypes of excess currezt),

2. diodes degreded by zero-bias, high temperature stressing,

3. units which had been sealed but not annealed or aged,

4. units of the type I and II in Figure 2 which showed traces of dam-

age remaining after annealing and aging.

The noise being discussed should not be confused with the generation-

recombination noise observed in all P-N junctions at all voltages, or

with 1/f noise, as these noise types are of Luch smaller amplitude and

require much more elaborate techniques for their observation.

Shown in Figure 12 are five separate traces of the voltage azross the

1 megohm resistor as a particular diode was held at a constant reverse

bias in the region of excess current. 7e vertical sensitivity was 5 my/

division and the horizontal sensitivity wa3 1.0 millisecond/division. If

the traces are numbered 1 through 5 starting at the top of the photograph,

it is seen that trace 1 showed three pulses, trace 2 showed two, trace 4

showed none, and. trace 5 showed four, and the beginning of a fifth. The

curvature of the leading and trailing edges was caused by the charging of

various stray capacitances in the measuring circuit and it is seen that

the time constant was about 0.1 millisecond. As the 1.0 megohm load

resistor was in parallel with the oscilloscope, which also has a 1,0
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mego.w input impedence, the ac tual loa resistor was 0.5 megohm. From

the observed time constant, the series equivalent stray capacitance was

24Q picofarads. Because of the large time constant, the measuring cir-

cuit would not respond faithfully to any pulse shorter than a few tenths

of a millisecond. This is the reason for the non-rectangular pulses in

trace 3, which shows a traia of closely spaced short pulses. In all thej

traces, it is seen ti.at there is a background component to the noise

Luperimposed on the rectangular pulses. In many degraded diodes, the

background component was much larger than that shown in the figure so that

the presence of' the rectangular pulses was obscured. The amplitude of the

current pulse required to give a 1.5 millivolt pulse across a 0.5 megohm

resistor was only 3.0 nanoamperes. The total current in the diode at this volt-

age was about 40 na.oamperes. This particular unit manifested power law

excess current after the annealing and aging and did not require stress to

initiate the noise behavior.

Figure 13 shows the response of a different diode, with a more coomon be-

havior, which exhibited several sets of superimposed pulses. The vertical

scale was again 5 mv/division, and the load resistor was 1 megohbm but

the horizontal scale was 10 milliseconds/division. Except in the bottom

trace, several sets of superimposed pulses are seen.

As the voltage across a diode producing rectangular pulses was increased,

the rectangular pulses were replaced by a uniform background of large

amplitude noise. This muy be the result of the superposition of a enormous

number of rectangular pulses. In most units only this backgrouud noise

was observed, and no single set of pulses could be resolved.
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The pulses observed in the degraded diodes and the microplasma pulses

usuraly discussed in the literature had qualitative similatrities and

quantitative differences. The similarities between the two types of

pulses were:

1. rectangular shape,

2. all pulses in a single pulse train were of the same amplitude,

3. pulses were of random length and there was a random interval be-

tween pulses.

The dissimilarities were in the magnitude of the current pulses, which

are usually reported as being of the order of 50 to 100 microamperes in

the literature, and were of the order of 10 nanoamperes in the degraded

diodes. The series resistance is usually reported to be aprroximately

10 kilohms, while in the degraded diodes it was greater than one megohm.

Conventional microplasmas produce pulses over a range of only one to four

volts above the turn on voltage. In the degraded diodes, pulses, appear-

ing to result from a single source, could be observed over a range of

more than ten volts. The most important difference for reliability pur-

poses was that, while most conventional microplawms do not show a

decrease in turn-on voltage when stressed, the stress-induced microplasz

in the degraded diodes showed a continual decrease in V with increasing
0

stress time.

For comparison, Figure 14 shows the voltage-c rrent characteristic of

a non-gold doped diode possessing a conventional microplaa. The ver-

tical otep in current near V reflected the inability of the measuring

equipment (electrometer and X-Y recorder) to follow the rapid fluctuation

in the current just above V . Thip microplasma was not stress induced,
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but resulted from a manufacturing defect (diffusion spike or a gross

surface defect). The diode showed- pulses of a much higher amplitude

(which could be observed across the 100 ohm resistor) than those of

the stress induced microplasmas. The quantitative dissimilarities of

the two types of microplasma may be due to differences in size of the

region which is breaking down.

1.6 Light Emission Studies

The objective of these studies was to observe any light emitted dur-

iAg breakdown; determine the locatiou of the light source; and to try

to obtain a correlation between the light emission and the nature of the

reverse characteristics oZ the diodes. Initial studies were carried out

to determine the conditions under which light emission could be observed.

The diode pellets were removed from the glass envelopes and the silver

buttons -were lifted. A micro-manipulator probe was used to establish con-

tact with the window area of the pellet, and a constan4 power supply was

used to reverse bias the pellet. By controlling the current, rather

than the voltage, it was possible to operate well into breakdown without

danger of the current running away and destroying the Junction. The biased

pellets were observed in a darkened room using a 60 power binocular micro-

sccpe.

Light emission was first obuerved from a number of degraded diodes at re--

verse current levels of 4 or 5 milliamperes. In these units, the light

emission continued for a few minutes, or a few hours at most, and gradually

faded out. The optical arrangement used in these 'initial attempts was not

zui.tabte for cbtaining photographic records of the emission wand the ma,-

31



itnicatign vas not high enough to permit observation of the light at

loer current levels. Therefore, in subsequent work, the diode pellets

"Jim vaunted on transistor headers and a one mil-gold wire was bonded

to the P ragion to provide the electrical contact. This made it pos-

bible to use the metallurgical microscope to observe the emission at

I_ nifications as great as 800 and to photographically record the re-

sults.

When the technique had been established for observing the light emissior.

fr a the diode pellets, a systematic evaluation of r series of diodes

w1s initiated. Twenty-three diodes with various hisLries were selected,

all of tbhm degraded. The reverse characteristics of these diodes were

measured; the pellets removed from the glass envelope and the silver but-

tons removed; the reverae characteristics were measured again using the

p robe; the pellets were mounted on the transistor headers with a wire

bonded to the P regon; the reverse characteristics were measured once

sore. Of the twenty-three pellets, thirteen were damaged in handling so

that ten were examined for light emission. Table I lists the diode num-

ber, diod* type and the type of degradation:

TABLE I

DSGMDEI DIODE FO E ISSION sJIES

DIODE DIODE TYPE TYPE OF DEXIRADATION
MS1S

A-2, A-), A-,,' Gold )p.d-,.i 5000 C, 0 Bias

A-5, A-t, A-8, A-9 Gold Doped Forward Bias

A-13, A-16 Gold Doped Never Annealed

A - 23. Non-Gold Doped Forward Bias
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Light emission was observed from eight of Cie ten diodes. All five

of the forward bias degraded diodes emitted light. For four of these

five diodes, the light emission was observed as a continuous ring coin-

dident with, or close to, the junction. The light emission from the

other diodes appeared to come from discrete spots near the metallurgical

junction.

_-The light emission from several of the diodes was photographed and

Figure 15 is a photograph of the emission from diode A-3. The exposure

time is unkmown since the shutter was left open overnight tnd the emis ion

ceased sometine during the night. The picture was taken with 4 milliam-

peres of reverse current through the diode and with approximately 200 X

magnification. A well defined ring of di-crete spots is visible.

The light from diode A-8 was emitted in a continucus ring. This ring was

bright enough so that it was possible to photograph it simultaneously

wi'rn a dark field photograph of the pellet surface. The photograph is

shown in Figure 16, which was a ten miuute :xposure with 2,5 milliamperes

of rever.e current through the diode and with an approximate magnificat iorn

of 400 X. The edge of the window is clearly) visible, as are the etch spots

within the window. The irregular bright ring at the edge of the pict're

corresponds to the location of the edge of the si2ver button. The less

brikht 1lng concentric with the window edge is the light emitted by the

diode. Ve distance of this ring frna the wind-v edge was measured using

a reticle eyepiece on the microscope and found to be between 3 ad " zicros

7his was close to the expected location of the junction at the diode sur-

face. Figure 17 is a photograph of dize A-2 with a one hour expos.re and

with I millismpere of reverse current through the diode. The rirg f i.s-

crete points of light Is clearly visible.

33



DISCRETE LIGHT EMISSION

FROM DIODE A-3

FIGURE 15

CONTINUOUS LIGHT EMISSION

FROM DITODE A-8

FIGURE 16



DISCRETE LIGHT EMISSION

FROM DIODE A-2

FIGURE 17
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AA &ttempt was mad* to determine at what current level the light emission

first became visible for three of the diodei. The lowest current at

which a sle was found to emit was 10 to 15 microamperes (dlode A-9).

Diode A-2 emitted down to 35 microamperes, while A-5 emitted down to at

least one milliampere. The emission gradually faded out and the currents

were determined-by the viewing conditions which prevailed during the ex-

periment and must be considered only as upper limits. If these currents

are converted to voltages, using the current-voltage characteristic curves

for these diodes, it is determined that the lowest voltage at which emis-

sion was observed was 80 volts. All of the sources of light which were

observed appeared to exist at or near the surface of the pellet, as indi-

cated by several considerations. First, the light sources appeared to be

in sharpest. focus when the surface itself was in focus. The microscope

is capable of discriminating to within about one micron in-depth by ad-

justing the focus. Second, the light sources appeared to be white or

yellow, whereas, if they had originated at any considerable depth within

the silicon, selective absorption would have resulted in a red color. -in-

ally the fact that the emission occurred very close to the expected inter-

section of the Junction with the surface would also indicate that the emis-

sion is a near-surface phenomena.

1.7 Etching Studies

The objectives of the etching studis were twofold. The first ob'tctive

wc s to determine the effect of surface etching on the light emission from

the diode; and second, to observe the effect on the reverse characteristics

of degraded diodes as the oxide and silicon were progressively etched away.

Four of the diodes which had previously been observed to emit light were
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selected for the first etching experiment, A-3, A-8, A-9, and A-23.

Each of these diodes were etched in HF for one minute to remove the

oxide surface layer and then were examined under reverse bias for any

changes in the light emission. Diode A-8 was observed to be emitting light,

but the character of the emission changed from a continuous ring to a ring

of discrete point sources of light. This is illustrated in Figure 18

which contains two photographs of the emission, before and:after the etch-

ing. Both of these photographs were made with the same reverse current

through the diode and with the same exposure. By reducing the current

through the diode, while watching the emission through the microscope, it

was possible to observe the emission at currents as low as 10 microamperes.

The results obtained for A-9 were essentially the same as those for A-8.

The A-23 diode appeared to be damaged by the etching, with cracks appear-

ing in the silicon. The only emission seen after etching was one bright

spot well into the window area. The A-3 diode lead wire wa1 i. during

the etching process and it was not possible to study the emission after

etching.

The fact that the character of the emission was changed by etching of the

oxide, for both A-8 and A-9 indicated that the emission was a surface

phenomena. The fTot that the emission Cring breakdown changed from a

continuous to a discrete distribution will be useful evidence in formu-

lating a physical model for the breakdown process.

In order to carry out the experiment in which the effect of etching on

the reverse characteristic was observed, it was first necessary that a

technique of etching and cleaning the silicon surface be developed. Con-

tamination of the surface, especially with adsorbed moisture, can seriously
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degrade the diode reverse characteristic.

* The first diode on which significant results were obtained was A-6.

The reverse characteristic curves for this diode both before the de-

* gradation and after the surface etching are shown in Figure 19. This

diode had not degraded appreciably ander the forward bias. However, after

etching the reverse characteristic was somewhat improved over the original ,,

undegraded diode, The procedure followed in etching this diode involved a

one minute etch In HF, followed by a two second etch in Iodine-B, and a

quench in distilled water. The diode-was then rinsed, in fl~owing hot (200 or

distilled water for 10 rrute. s-ri toakedin acetone to remove the ,.mrface

water. The diode wae ;W-rt, .I whzle still wet witht acetcne and the reverse

characteristic was measured w'hen -1.1, 4vetoue dried- The surfact wtks flush-

ied vith dry oxygen-during the measurement to miimz the surface moisture.

Although this procedure vas subsequently followed with sever~l other diodes,

in no case was it possible to~ reduce the revLvrse current below the degraded4

level, ao had been- obs~erved with A-b, Your mnlx. diolce wre dcmgraded on

forward bias, their reverse characteri stics being meaiured 'Tore aad after

degradati_-. P,.;.1ets wert removed from their envelopee &xd mounted

or. transistor headers, T,"wo of the four pell(!"s were damaged in the proess.

The. two remain-'ng dindes * B-'1 and B-6, -,et etched following a procedure

siilar to -tihat described a.bove, but Rhich included one additionul1 step.

Afte - the etch in lodine-B the diode surface was servbbed with a detergent

solution (alcornox) before rinsing in hot distilled water. Instead of using

acetone as the diying agent, ethyl alcohol was used. The results obtained

are illustrated 1nr Figure 20. The reverse characteristics for the degiadj

diode, B-2.~ are shown both before aand after itching. As indiiated, the
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4ebcd diode was observed to have a significant dicrease in reverce

OWeO nt compared to the unetched diode. However, only a part of the

degraation was relieved by the surface etching. Whether this impliED

that only a part of the overall degradation 1s a surface effect is an

Open question. It is possible that part of the remaining reverse cur-,

rent was caused by surface contamination and could be eliminated vhen

better cleaning procedures are developed.

At the present time it has been shown only that a part f -'le degrada-

tion is due to surface phenomena. Future effort will attempt to ats-

ver the question of whether or not the remaining degradation is also

a surface effect. The approach will concentrate initially on attempts

to determine whether forward bias degradation can be totally relieved

by surface etching. This will involve attempts to assure that surface

contamination is not contributing to the observed reverse c~urent after

etching.

1.8 Heat and Pressure Effects

Diodes which were constructed by acunting pellets on transistor headers

did not degrade appreclibly under normal forward bias conditions. The&,e

diodes vere entirely similar to the standard diodes used in thia study

except that they bad uct been subjected to the heat and pressure encount-

ered in the ealing process. Therefore, the temperature and/or pressure

of sealing was suespeted of producing changes in the pellet vhich led to

failure when the diode was stressed with forward bias. A small testing

jig vws constructed to subject diode pellets to the sealing conditions and

yet permit recovery of the pellet for mounting on a t-ansistor header for

further testing. Tho Pellets were held betveen the polished ends of two
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quartz rods. A movable heating coil was then placed around tbe rods,

over the pcllet, and heat and pressure could be applied as desired.

Several pellets were exposed to the normal sealing temperature an4 tvice

the normal sealing pressure and then mouuted for tet. Several other

pellets were heated vithout pressure for comparison. Measurements of

reverse characteristics were made on several pellets from each group

immediately after treatment. Those which had been subjected to teai!era-

ture only shovei a slightly degraded characteristic at high reverse voit-

age, but this increase in current disappeared if the pellet W-s allowed

to r-a. . t room temperature for 3.0 minutes. The diodes which had both

temperattue and pressure exerted were quite erratic in their reaction

to the stresL. Some were hi"hly degraded -ith walkout characteristics

while others shoved little or no degradation. Those vith severe degr.%-

dat- on vere only slightly recoverable rith a one hour heat treatment at

3000 Co

Aft-r mo ting on transistor headers, pellets from both groups were sub-

jected tc forvard bias (0.2 amps at 1800 C). The four diodes which had

neen heated only ahoved very little movement after four hours of this

stress. One improved 3lightly, one degraded a little and two did not

change. T),ia bhavior is typical of untreated pellets on transistor

he~ders, The five diodes which had been exposed to both heat a-d pres-

"re reeeZed -4ultt differently. One remained constapt while another de-

g-adti slightly. The other three shoved sharp degra4dation of the re-

verse C&aracteristic after four bours at 0.2 amperes and 180 0 C.

The forvard vWtage drop at 100 milliamperes was easur*4 to Seo if
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tbo* devices which failed had a high power load during forward stress.

ThoSe pellets which had been beated showed no difference from untreated

4Mple'. The diodes which had seen both heat and pressure had a higher

average forward resistance,

It waS concluded from this test that the pressure used in preparing

glass encapsulated diodes can cause damage which leads to failure when

the diode is subjected to high temperature and forward current.

1.9 Screenine Procedure

The fact that a fraction (approximately ten per cent)."of the diodes de-

grade very slowly (if at all) under moderate forward bias stresses in-

dicatea that the develcpant of a non-destructive screening process to

find these units would be desirable. At first, inspection of the diode

initial condition was considered as a possible screening procedure. How-

ever, the initial softness of the diode is not a consistent guide to be-

havior under forward bias stressing. That is, diodes I and II in Figute

2 will not necessarily degrade more rapidly under forward bias stress

than diode III.

Because of the differing response rate to forward bias stress, it is pos-

sible to use a moderate stress to aeptrate the slowly degrading from the

rapidly degradin, units. A preliminary test of the idea was made by

stressing at a forward current of 200 milliamperes and an ambient 
temp-

erature of 1800C for two hours. Following this, the diodes were further

stressed at 150 milliamperes and 125l ' r a week. As expected, the diodes

which degraded rapidly on the first test continued 
to do so at the lower

level, while the units which were most resis*- 
to the higher stress-
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conti,.ued to be at the lover stress. 'The result is that a fairly

rapid high temperature test can be used to select diodes which will

be most resistant to long term degradation under forward bias stress.

The amount of degradation for most units under the high temperature

stress is small enough that the test may be considered non-detructive,

The forward bias deterministic model test plan will provide tuch more

iniormation to evaluate the screening process.

1.10 Sumary

The degradation patterns which were pr'_sent following the sealirn pro-

cess, forwar-d current stress, and high temperature storage at zero bias

were identical. These patterns included an excess reverse current with

a characteristic dependence on measurirg voltage, microplasma light

emission, low amplitude microplasma noise pulses and walkout. This de-

gradation was found, after stress,only in those piellets which had been

exposed to tI - temperature and presiure of the sesling process.

C" the voriout failure mechanisms proposed in the previous seaisznutx re-

port, the chemical degradatIon of the transition region betveen the sili-

ccr and the uilictn oxide resulting in localized reglonc of low breakdovn

voltage was most likely to .ccou.t for the present failure sodes. With a

zeasuring voltage, V , the total excess current caused by mcropla#,mas

L i

vnere V, and R were the turn or voltage and the series resistance of the
I i

icIroplasma labelled i. and tht a=m Included '11 microplasas with V. l~ess
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than V' In the caseu of diodes showing no excess current below a well-

defined critical voltage, all the V. were larger than or equal to the

critical voltage. This corresponded to the situation where light emis-

sion was confined to a single spot or a few spots. If there were a large

number of breakdown regions, as in the cases when a continuous ring of

light emission was observcd, the sum in the expression for the 61 Rcould

be approximated by an integral. If all the microplasma wrre taken to

have the same series resistance

V
I =of R f MV V R-VfF1 dV

R

where f(V) is the distribution function for the microplasma breakdown

Voltages and f(V) dV is equal to the number of microplasmas breaking down

between V and V + dV. If, for example, f(V) wa's taken to te a constant,

independent of voltage, it was found that

2
I = f VR /2R

This showed that a square law excess current 'ould result from a super-

position of many currents each of which was piecewise linear in voltage.

If f (V) was not constant, but increased with increasing voltage, the ex-

cess current would increase more rapidly than the second power- of the re-

verse voltage. In this model, power law approximations for the excess re-

verse currents were not fundamental, but were the resu'.t of a particular

superposition of microplasma currents. 1-For this reason, the distribution

of exponents shown in Figure 4 would be the result of various distribu-

tions of microplasma breakdown voltages a" zacbi tage of stress and re-

covery.

Walkout can be explained as the gradual increase in turn on voltage with
4 6



time after a microplasma was turned oxi for the first time. Inspection

of the reverse characteristics after walkout did not indicate a major

increase in series resistance accompanying walkout. Thus,. the primary

stress -rendent variable of an individual microplasma was the turn on

voltage, which decreased with increased stress time. The walkout phen-

omenon was an increasein this voltage caused by the electric fields and

local heating accompanying the initial breakdown of the microplasma.

The large excess currents resulting from forward bias stressing cannot

be explained simply by an increase in the surface generatiQn rate but

require a more effective conduction mechanism. The most likely mechanism

is the avalanche breakdown of small regions located where the-junction

intersects the silicon oxide layer. The effect of the sealing heat and

pressure is to disrupt the transition region between the silicon and the

silicon oxide. This includes the generation of dislocations in the

silicon and, perhaps, small fissures near the interface. The resulting

increase in the mobility of impurity species is believed to beta require-

ment for the device to be susceptible to forward bias degradation. It is

for this reason that the pellets mounted on transistor headers which have

not seen the sealing process are degraded much less rapidly than the fab-

ricated diodes.

The chemical process occurring during stress to produce the microplasma

regions is uncertain. Because of the presence of gold, phosphorus, boron,

oxygen, and trace impurities such as sodium, in addition to silicon, the

number of conceivable reactions is large. The possibilities are compounded

by the presence of a disrupted lattice in the transition region. However,

the occurrence of forward bias degradation in the non-gold doped diode
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Shows that gold is not required for the process. Recent work on the

interaction of gold and phosphorus impurities in silicon (8)showz the

Potential, as failure mechanisms of solid state chemical reactions in

silicon.

The high electric fields needed to produce avalanche breakdown at the

silicon - silicon oxide interface require the width of the silicon space

charge layer to be much narrower at the interface than in the bulk. At

the interface the Junction will be of the P+ N+ type rather than the

P+N Junction characteristic of the bulk. The electron concentration at

the surface can be increased over that in' the bulk either chemically! by

the addition of donor atoms at the surface, or electrically, by the for-

mation of positive ions in the silicon oxide.

The results of the high temperature, zero bias experiments indicate that

a straightforward diffusion is not involved in the degradation as the de-

6radation can be reversed by cooling the diode slowly rather than quench-

ing it. This effect is compatible, however, with a model based on high

tem Derstvr dcoaposition of a compound into components, at least one of

which is active in increasing the surface electron concentration. Upon

quenching, the components remain separated, but slow cooling results in

their recombination and the recovery of the .iode;. Another possible,

though less likely, explanation of the slow cooling experiments is a de-

crease of the residual stress in the pellet resulting from the anealing

of the glass encapsulation.
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SECTION 2

FAILURE MECHANISMS AND ANALYSIS

2.1 Physical Nature of Failure Mechanisms I
2.1.1 Type A-Surface Defects

Most failures of this type are attributed to inversion layers or accumu-

lated surface charges on the Junction, Reverse biax voltages, such as

'those applied in pol.ization tests, will set up surface fringe fieldi :

across the Junction similar to those in a parallel plate capacitor. The

fringe field can then line up dipole atoms or ions on dielectric silicon

dioxide surface or within the passivation layer so that (-) charges face I
the cathode surfsce and (+) charges are aligned facing the anode.

Fringe

iield

Anode P Type

As the sketch shows, the + charges lined up on the anode side of the

surface will electrostatically attract electrons from the bulk. The

accumulated charge may build up sufficiently at the surface to cause

inversion of the "P" material to "N". A similar effect of opposite po-

larity can take place on the cathode surface. Note that when the inver-

49

- ~"T



situ layer grows to meet the anode contact, a direct path from the

&node to the cathode exists. Under reverse bias,'this narrow surface

channel effect.vely becomes thinner and eventually pinches off as .the

space charge region gets wider with voltage. This effect gives the re-

verse leakage characteristic a high saturating type of slope.

Since the mobility of the charges under the electric field will in-

crease with temperature, the Type A failure mechanism is accelerated when

voltage is applied under high temperature conditions. Units with Type A

behavior can usually be completely recovered by heating without bias. The

heat apparently serves to redistribute and disperse the aligned charges

so that the unit recovers to the original characteristics.

If the oxide condition, or internal ambient, is such that the surface po-

tential under thermal equilibrium conditions is extremely on the "N" side,

a device may have low leakage before a high temperature test but will de-

velop a Type A leakage characteristic as charges align to their equilibrium

"N" condition under high temperature. In this case, both the surfa'ce po-

tentials- will have shifted toward "N". Thus, an "N" inversion and an N+

accumulation will lead to Type A leakage, together with a reduced or de-

graded breakdown voltage (now determined by the N+ resistivity). Measure-

ment of the breakdown voltage after power tests, or other tests applying

reverse bias to the junction, have maximum, values determined by the bulk

resistivity or junction defect spots. This occurs because the cathode

tends to be pushed toward "P" or high resistivity "N" by the reverse bias.

2.1.2 Type B-Bulk Degradation

These units are us*-'lly characterized by a relatively high leakage at high
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reverse voltages. At voltages of one volt or less, leakages may be

low (0.5 nanoamperes or less) as compared to Type A rejects, which

range upward from 10 nanoamperes at low voltages. It has also been

found that these units are relatively unrecoverable by heating. Some

improvement is often seen but this improvement is insignificant when

compared with the 3 to 5 order of magnitude seen with Type A rejects.

Since the breakdown voltages of these rejects is frequlently degraded,

it was at first believed that the rejects could be due to an 'tN" type

condition induced on the cathode surface, which would in turn decrease

breakdown voltage. However, the relative "stability" against recovery,

together with an occasional tendency to degrade even further on break-

down voltage drive, leads to a speculation that the degradation is due

to some change in the bulk; a crack or micro-alloy point through the

junction. If a high leakage point exists in the junction, a high power

test can result in point current density concentrations which finally

lead to a runaway condition at the' s1T*ih in' question. Dead shorts may

be a severe form of Type "B" runaway.

Visual examination of Type B units frequently reveals the location of a

bulk defect or failure. For example, visible "hot spots" under the

alloyed contacts have been found, indicating where high current concen-

trations developed during the test period.

2.1.3. Type C and D - Bonding and Packaging Defects

The main mechanical failure mode for thisL design is an increase of the

reverse leakage current due to partial shunting of the junction by the

anode contact. When the device is fabricated, excessive pressure or poor
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Ii
Parts 12.nnment during sealing may result in deformation of the glass

*Ad/or anode button such that the anode heatsink comes in contact with

the edge of the pellet. Direct shunting of the diode does not necessarily

occur at this time, as the passiyation oxide electrically insulates the

anode contact from the cathode pellet. Diodes with this internal "near

Shunt" have been found to fail when subjected to two different stresses.

First, when subjected to mechanical or thermal shock, the anode may break

through the insulating oxide layer and shunt the anode directly to the ca-

thode. This results in a catastrophic increase ii, the reverse leakage.

The second sensitive stress condition is a high temperature storage, such

as 2000c. As the cathode is only separated from the anode by an oxide

layer- 10,000 angatroms thick, a small amolint of moisture or mobile surface

ions can easily bridge this short path and result in a slight, though r.:t

catastrophic, reverse leakage current increase.

2.1.4 Typx E-Improper Measurement Procedures

Type E failures are frequently identifiable from visual evidence of un-

usual vituations such as melted material. This class of failure generally

recults frcm an error in handling, an error in test equipment accuracy or

calibration, or transients in the test equipment. An analysis of the dir-

cuitry involved generally reveals that the visvally evident failure would

have been impossible to obtain if the device had been properly connected

to a circuit in good operating condition.

. . 5. pe P-mThea. Overotress

Failures in this Category have been traced to mild and severe overheating

conudition b*yo the physical limits of the materials used to fabricate
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the device. These failures are found to be of two distinct types. One

type is caused by a thermal fatigue condition where very slight alloying

oz diffusion of the materials occurs. This type is characterized by a F
mild increase in reverse leakage curent. The other type of failure occurs

due to a thermal runaway condition which causes gross alloying of the de-

vice materials and causes a dead short very similar to some of the E type

failures. Both types of thermal overstress failures are generated on tests

considerably above maximum operating conditions and do not represent an

acceleration of an existing failure mechanism.

2.2 Failure Mode Chart

The next several pages contain a Failure Mode Chart which has been developed

to define and illustrate failure mode categories, failure mechanisms and

failure causes. The chart also shows the most likely failure indicator and

the stress which generally causes the faliurc. The failure code shown in

the charts is used in all the Failure Analysis Reports.

Th- ?'alur- Mode Chart was developed to cover all the possible failures Of

the diodes and thus contains some failure codes which have not been observed

in this program.

5

i

.. ... ._"___ I



4) W) 0 U)Entf
0 ) 0 4- ti 4-) $.4

0 0) P4 4-) 0 - 4 H P

-r4 o%-. zo rd .-q 0z r.0 -, Ud ) r - % r

to-e 0 1, - 0 P 0 g0 P~4 q 0 0'

") w w En G) 4)r-
'I -P .~ P0G 8H bo f)H j0 44 m H~f O~ 4v~

to r -i"4 H rq m OH4)

k xIVr-

0 0 ) w.- )G 0 f" ' .,4 rd, 4A 0 - It-H fn

40 .0+) P4P

P, I "014 049 P
G w 0 0 0L 0U 0)0

:0 4 0w~ 4 -p 404)40400

0- H - 0

4-4 HO r1H0

P-4 H

0, I N
OW~1 r.) 04 .-4

pq 4-4 0 0~O- U -. 1
z-44-4-3

p ) 0 H40-0 4 ~H~

*HO~~~ -zP- 110O
U,40

0 H r
.- z -

tf ) ) c
k C) cs

(U 0) -F4-
:;

4 lid r.



~U3

4) 4)
0 )0

tio 4-, w ~ o) Z~ W di% w-

z4. WJ~ 4Q. -. 4 4-) U S(-) >4)0 5 r

-A4 -4 4 r. -P 4)U-

-' .4)I s-4 9 ) c ) 0 Q-.4 '0 4 ) C z ) 4)e

0)) ~ ' .4 -4 -!4~ ) 0 W, x

S 1 qj C44)03-10 4. '04 ) 04

+) c I +)-
:3 IC4) 0$.. W~

5d (j &4 ) 0en

un t. t4 -)

0. 0

P-4 CU X~ 1+4 0-4 0 '4 0, ' c .)P
0 -4 4))41 W1 gC..- +1 El C: -A-4-
uG cx 0t0. 0.41. O

'R -: -U- t-s -D C

NO 9)0 4) 41 P.

4-) -- ( -Oj-

O0~ 4-) >

-44

-1 c c14 v 0

to >. 0

to do C~ 4)-4 V 4 to . C -455-



0 ) di0 t 0
:3 0 i4 $ y"

4 0 0c4 0 P4 ~ 0Oe-

toW tv~ o w4V A

OW 4)'33 $U) H 4 .1)l
CV) tlD Ve- 4q) o )r 4

0 0

00 +) Pl P4 +31 c

h"1 0 -H' 43 4 ') ~ - " 0 - + 0 A d ) 0 -4-0
H4) 04) A0 1U). 1 4) -4 U 4H P 0 0

04 W 30 40 0 .P0+0 .44)C 0 4) 4(
k 4J4 4) 44JC 4) Otka0-

91 0040 '04 0* 0 H 3A )9

0 H 0 14 0 4

0 0
o 00 0

4-1 4) 4
0 o C U UU 4

4-) 4)d .- 0

.0 *-0 0
4)' 00 ))0

- .4.C 244 4444 44- 4 3 4-4 4 - -

rir )00 0 4 0 0 4-40 0)

44 4
010 04

4)0 4, al r

044 04 d) '4J
N 4- u P 0 0

4) U~ 14 1 3 )

04 toc 24-4

H CU

k I I

00 0)UVW0UwU0.d4>d

-r4 0 0 L4 0 .0 H)00) d) 43
Id4 1, 4ri. 4-1. 4.x ta- 4dfOL "4) t44)

DR r0d 4-) 0 0* 4)0 w u u
4H ca ) 0 4 0)0 u ~ .q 0 H a)+ 0

WJ Ir 14 4-)
tiOo43 0 H C)- r44. Hc

r- 14 0)' u OH 4

0 ) f t 4 r 4 v0-40 0

0 - - ).4 v E 43 '4 m d )t -

0 0t 10 01" 3 H )0 r4b



41 41 44P1'4 -

P4 H 2K

0 0 4) cd -4 d

0C. Q21 Cdr P4400"
V 4 tio 02H CO c . 4 (D~

41D 4.1) aI 0 tir H0 H0 mHO) 0 L a)0 w2 4)40 W)4 +) +
4zJ 4 4 r- 0 C P4 0 4) r-4 r-4. -)()4 t

0) ~ c w) 9)C00 1 4 A 4) 4)2 0)2

H ) P4 0 4 r- ,P P4 C',
4f 0 0 0 -40)-) 0)

: P >1P4 .0 " "0 P4 A PI 040 C 14 ~ U 0P4 4J i0 0 0 0 0

0410 o ~0d H ) P4 o. 4 4~

02 _! 4 q1 I0 -

+ 4 Zj 0) 04) rd
A) rI C J) 4) +) 0 C

W)4 4-) 4- ) 4- 0 r -
d) 4-)C I'x H 0.- w

0)- H) W CL) 0 ) I r. 024

W 4-;' ~ ~0) r- R0 4)u :

Cl 0J410) 33 g3 d 0
PiP0u - 04) U o4- ~

0 r 01 - - r- .- I

0 00 (d0
0) uP~-4 1..W4) 4 4

lu 0
0) 4-1~ ) HH P4 1

HO W H 4 H 04. 9~

I. .

00)1 4)4 W0-r a
0) C0-,N H 4 P H k) ) I t

Md ) a 4 4- OJH'0) $4 CJ 4-; ~4 44
:j Cu0)as 0) 4)20w02H 1 1:

4.) 0 )W - P 3C 9 44)r
4)0 4 04C ) 3

r 0 A -) aS4 ) ho 4 ( H4q a 0 - &
.,H 4 - -H4aj. tV0 I 4 ). o4 0H 1.

go 0-4 a 0 9 H 0- 0~) 020f 4 ) 1 o rqO% P

0 4

0 N
to P,) u4

~ I d

H 3 41



u -

o ~0 0 04

14 id 41 11no4-
0 r0~ -4 -r4 0;-

'-44

I 4P4 4 4D

00 m 0 AV 00 -4-) )
r4 04) (dP $P ~ 4

+)0
14 1W :1 $40 k 4 14~4 4-

vt V 4)0)0 1

V4~ tit P4 :3 4 $4 Q0 ~
cl a o

4  004 P4 ~ 4S
m -4 P. rs -4%- - * ..

4)C00 04)
1 004 Pt )
m 4) w m 0 Ad~c

0 ) 04 rd .- d Cd 0 w 0 w rx0 o
0s "-i 96 k 4-) 4- V 4 0 V.-4 C5

00 13 2w 0 a k ) 4 - 41 )- o3 04-

vt) OVH- 4) 0~ 4) k~ 0 QP4 C3bri xV
V r-I4) 14-) 0 r. 0 -M0) H r4 4

~ 4 4 010 1 1 w ,91

4;4) :3~ P Id V) It r-4 4) C.H4) . 4 )

ad f-4 0 $ ) 0 (4 U 4J -,-4( r 0 'd 4
04- +) H ~ Ps 4 -:3 0 P w I4-

1-4 f- 0 4

co 10

O ra, 0- I. ~ 0 0

0 W 4 4 s-.4) u
o4 0 00v H :j

H .~S0 A. P4 4 +; U

0 0 0 0

r74 0 4 0 '10

~Z44

U-1

04 0 42

____ ____ ____ 58



I. VVo
"4-

3 1 hD Qf
49co~c P4 ) 4 1

-, C-4JtO l HCU 0

4) C

wa4c 4-

H C-'

0
1-4.)

4)4 $3 10

z 0 4)~c
0 M)

0z4

c0:~ .1 H 00d j

HC/)

0U 4 %.4 c I t
',*4 4 ) C 4

.ru,5I 0 0 Ud
0 -M i IH4'0

-a fojin. 59



->*

0) 0 v4

04 > 0 H a
0 H $ 4  4) P 4d t "-I w 0vmo 4J c ILt

4) ~ ~ 4 P4J 10 W,+

*d-4) 4) . ..9 O

N ~ r4 4) - 0 (D

IA .114)-4

4)04 ) 0$4-

H N ) id

44 ) 4-4

4) 0 (D ( 0 m

00

H3 0'-4

0

0~~ 0~2 )0~

0 -H.0

4-1 4

I-~ 0 MHI 0 0 >6 @w i

0) 4
'..1

bi 04

H P

60



2.3 Failure Analysis

The failure analysis studies have been completed for twenty-one of the

diodes which failed on the various stress tests. The diode serial num-

bers, the stress and the failure mode code are all summarized in Table 2. j
The failure mode code is defined in the Failure Mode Chart (paragraph 2.2).

2.3.1 Type A-2-a Failures

This is the largest category of failures (52.4%). All diodes in this

group degraded by a softening of the reverse leakage characteristic after

stressing under forward bias and high temperatures. Figure 2 1 shows the

voltage-current characteristic of Diode #59 which is typical of this group.

The reverse leakage current degradation at low measuring voltages is rel-

atively slight. At increasing voltage levels, the excess leakage current

becomes progressively higher. At the high level measuring point of 50

volts, the leakage increase may be as much as several microamperes. Near

the avalanche breakdown of the device, leakage may be in the milliampere

range. Type A-2-a degradation may be attributed to either surface changes

or to bulk diffusion effects.

The surface accumulation mechanism was discussed in detail in the Second

(9)
Technical Documentary Report , and showed that positive ions located in

the oxide may diffuse, to the silicon-silicon oxide interface on the N side

of the diode junction due to the action of the forward bias electric field.

This field, extending from the silver button to the silicon beneath it,

amounts to approximately 700OV/cm in contrast to the high intensity opposite

fields (in the order of 500,OO0V/cm) which can be produced by reverse biases

such as 70 volts. However, mobile positive ions such as the alkali metals
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TABLE 2

FAILURE SERIAL SUB PERCENT
MODE NUMBERS TEST FAILED TOTAL CONTRIBUTION

59,60 IF=50 ma, TA=100'C

73,74 50 ma, 150°C

A-2-a 61,62,63 100 ma, 1000C 1 52.h

72 100 ma, 1500C

83,84,85 125 ma, 1000C

B-2-a 58 I =100 ma TA=100°C 1 4.8
F aTAlO .

F-i-a 86,90 I F=h50 ma, V= 30V 23.8

87,89 VR= 30 V, TA=,1500C

88 TA= 2000 C

F-2-a 57 VF= 0.2V, TA= 750C

79 IF= 1 ma, TA=ISOOC 4 19.0

80 VR= 30V, TA-1250

82 1F 125ma, TA=100°

TOTAL 21 100.0
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'21M be moved and accumulated at the interface even under low intensity'

tlelds. A positive oxide accumulation, will result in an equal and opposite

surface accumulation of conduction electrons in the silicon. This N+ type

LCCUMunlation will narrow the junction space charge at the surface and may

result in non-uniform sites with low voltage avalanche. If accumulation

iI heaFvY enough, space charge regions thin enough to support a tunnelling

mode of reverse conduction will result.

The bulk diffusion mechanism described by Henning and Miller (10) involves

reverse current softening by diffusion of metal from surface contaminants,

or contacts, into junction defect sites. The contaminants will precipitate

interstitially. Very high fields at the sites of the precipitation will

again result in a tunnelling mode of excess current.

2.3.2 Type A-2-a Recovery Tests

Field generated surface space charges described by the first failure mech-

anism should respond readily to high temperature bakeouts. If mobile ions

have been separated by electric fields and high temperature, they should

recombine when the external bias .separating field is removed and temperature

alone is acting. The recombination of oxide ions should produce recovery of

the low leakage.

Henning and Miller characterize the reverse softening degradation by diffu-

sior ns a -m !prature activated mechanism which is independent of the source

of tfperati.-re (whether it originates from a high ambient or from power dissi-

pation In t>i Junction). The implication in this work is that diffusion de-1

gra ii vi will not recover under bakeout but will remain unchanged oc de-
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Bakeouts of the failed units were found to have a slow recovery eff-

ect. The degree of recovery tends to be complete at the low measuring

voltages and is slower ard less effective at higher voltage levels. Diodes

baked at high temperature for long periods to obtain virtually complete re-

covery will still have breakdown regions softer than the original character-

istics. A summary of the recovery bkeouts performed is shown below:

TABLE 3 - .RECOVERY BAKEOUT SU14ARY

Bakeouts Pellet I Recovery
Serial Numbers Temp. JTime AmtoenT a 50V lAt breakdown

60, 61, 62, 63 100°C 90 Hrs. glass complete soft
enclosed

73, 83 200C 136 Hrs. glass 95% soft
enclosed

72, 74 200'C 164 Hrs. Air 80% soft

The last two diodes were measured and baked in air after removal of the

pellets from the glass encapsulation. Air exposed diodes showed nc tendency

to recover faster than encapsulated diodes. Transistor experience indicates

that surface degraded by electro-positive oxide accumulation(i tend t

recover more readily in air or oxygen than in nitrogen. Thus the lack of

kinetic response in air tends to support a balk failure mechanism.

To summarize the observations based on baieout behavior:

1. Reversibility and recovery under bakeout indicates the action of *6e

kind of surface mechanism.

2. 7he slowness and incorplettness of this recovery suggests, at least,

the ;Artiml effect of a diffusio r.echanism; or it may su".eat a surface.

mechanism caused not by sepration -r mobile :ons in the oxide, but by

an increase in density of background positive surface states

____ ____ ____ ___-



such a those normally found in clean, ion free, thermelly grown oxides.

The Surface state increase "y be relatively irreversible and may be

activated by current flow and temperature rather than by temperature

alone.

2.3.3 Reverse.Voltage - Current Characteristic Tests

Tui !-+ the nature of the excess current in both both the forward

and rever.,e directions, plots ot the voltage-curren: aact. S were

made for four A-2-a degraded and undegraded diodes. A comparison was

then made between these curvcs and equation constants reported in the lit-

erature. Figure 22 is the log plot of reverse leakag- for determining

the power constant M in the equation I. = K IV . Table 4 summarizt:t,,

condition of the diodes and the values of M.

TAB 1

Diode Power Constants

M
Unit Number Condition 1V 15 Volts #V > Vol's

28 Not Degraded .25 1ncrea ing

29 Not Degraded T T5 --. ac ing

Soft Degraded I.22

85 jSoft ieraed 0.2

The low Yoltse power con.tant X for three of the devicer, vither approxi-

mates the 1/3 value vbich is expected for reverse leakage ;r-r. space Tharre

generation in a diffused-graded iunction or is n~evhit l'cwec ' r tthe tw;

devices with higber leak*e levels at 10 volts. Lv M val-ek at the low

voltages are probably surface effects due to space charge !nfuerce hr

sliver button field rate capacitor.
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Diode number 84 exhibits a different leakage mode with a large excess f
Ofrrent increent increasing as the 1.2 power of voltage. This relatir

My' be representive of a tunnelling mode of a different source from that

Occurring at higher voltages. An ohmic leakage component (with Mal) may

OaSo be responsible for this behavior at low voltages.

Above 20 volts the reverse leakage current increase with voltage, for

the non-degra4ed dicdes, follows a rapidly increasing non-saturating

pattern which is probably due to m-al p±ication or generation in the high

defect density sub-epitaxial region as the space charge region punches

into it.

The two degraded deviceu exhibit large currents at higher voltages far

in excess of the norma± generation current seea in urd.egraded diodes.

Th' voltage current relation is approxlmatelj TR = this

pletely consistent vith the power law relation reported by Goetzberger

and Shockley (13) for tunnel currents generated by high field regions

in junctions having metal precipitates.

An extrapolation of this tunnel current to lower voltage levels (2-3 volts)

will give :n insignificantly small leakage component. Tunnel site genera-

tion is thus completel swamped out by space charge generatici and other

v. ,.aiisms sctilve at low voltages.

Measurements made at low temperatures should more clearly dcfine these

currents since space cho'ge generation components should drop off much

more rapidly bhan :h: tunnelling components. Such measurements are being

made, but have not been completed at this time,
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2.3.4 Forward Current Characteristi- Tests

Figure 23 provides a plot oA forward current versue bias for the same

diodes that were dicuszd in paragraph 2.3.3. A good straight line fit

was obtained on semi-log pap, .: or both degradc,1 and non degraded diodes.

The standard forward bias equation of the type TF I (e +8- i) fts -

both good and degraded diodes. Any power law component due to tu.ellin g

is swamped out by injection. Excess current (wnich would result in b

degradation in an emitter junction) is seen in the forward directiow !b.D

degraded diodes, with no change in the value of n = 2.0. An increase in
n is reported for field emission junctions by Henning and Miller. In

suammary, reverse leakage measurements of softened diode junctions have char-

acteristics associated with tunnellimi; this being especially evident at

higher voltage measurements. Forward current measurements show excess cur-

rents not necpssarily associated with tunnelling.

2.3.5 Type F-l-a Failures

A failure pattern common to five diodes (#86 through #90) was noted at 6000

hours for diodes in the long term life test series. These diodes had been

stressed as listed below:

86, 90 Rectifying-I = 450ma, VR 30V, TA = 250

87,, 89 Reverse Bias - TA = 150°C, VR - 30V

88 Storage - TA = 2000 C

After measurement cn the automatic readout equipment, all five diodes showel

severe reverse leakage current degradation. Figure 24 shows the voltage-

current characteristic of unit 86 as a typical example. The reverse leakage

current is relatively flat from 0 to 8 volts (5 microamperes) and then sharply
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increases to a value of 25 milliamperes at 33 volts, finally tapering off

in a negative resistance switchback at high current levels.

This characteristic is identical to that reported for diodes which are

pulsed in curve tracer analysis under extreme reverse breakdown conditions,

such as 25-35 milliamperes and 140 volts. This is equivalent to a dissipa-

tion of 300 milliwatts peak per square mil of junction area. This level of

power surge is reported to result* in a secondary breakdown type of bulk

Junction degradation almost identical to the reverse characteristics seen in

these diodes. Diodes pulsed at high current levels in the forward direction

degrade as dead ohmic shortE in cor.trast to the observations above.

Examination of the last readout data (6000 hours) shows that normal reverse ,

leakage current readings were obtained initially, significant decreases of

about 5% were recorded in the subsequent breakdown voltage readings and some

decrease was also noted in the forward voltage drop. The final, repeat check

of reverse leakage current at 50V (which is taken to check for measurement

transient and anomaly effects) then showed the diodes had severely degraded

during measurement; most probably during the breakdown voltage tests.

This fact, combined with the previously noted similarity to diodes over-

stressed in the breakdow, voltage avalanche mode are clear indications that

some type of high power transient pulse had occurred during the breakdown

voltage measurements. L
One element of the data did not allow the assignment of a categorial "non-

legitimate" failure ;ause to these failures. All five failures originated

f'roA one particular pellet lot. At the time of test measurement, equal

number' -f diodes from six different lots were tested identically in mixed
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66k40ces. The transient pulse condition resulted in failures only for

tbe ,4e diode lot. The implication exists therefore, that this diode

l0t VU more susceptible to abusive stresses than other average diodes;

Perhaps because of non-optimized construction characteristics. On this

bhuSI the failures were assumed to be legitimate with an F-l-a code,

"d in"estigations as to the degree of overstress needed to trigger fail-

ure vere started.

The breakdown voltage measurement circuits have a built-in current limit-

ation, a 100 kilobm resistor in series with each diode being checked.

Thus, even if poor or intermittent contact resistances allow the sweep

voltage to build up to its maximum value of 700 vblts DC, the resulting

Pulse, when contact is re-established, cannot exceed 6-7 milliamperes.

This level is still approximately four times lower than the stress fail-

ing a "normal" unit. Diodes with low breakdowns may be suspected to be

more susceptible to this failure mode for two reasons:

1. A transient voltage spike will produce a higher current level in the

low breakdown diode.

2. A low breakdown device may be one in which the junction is in very

close proximity to the sub-epitaxial region. Any destructive spike

tending to warp the junction downward will punch into this region more

readily. Subsequent sectioning to check on the geometry did not sub-

stantiate this explanation.

A statistical compilation of breakdown voltages was made for the six pellet

lots. The compiliation showed that the one pellet lot contained the lower

breaYdovn voltages, but the difference in voltage from the other five lots

"Vs not significant enough to assign this as the exclusive cause of 
failure.
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Several experimental diodes were fabricated with a variety of button materials

and it was determined that the degradation was not related to migration

and alloying of contact metal into the junction. The characteristic thape

of Figure 24 can be explained by an induced junction defect resulting in

current hogging in the defect areas. The sketch shows a cross section of

this type of defect.

Pipe Defect Ij NEpitaxial Layer

N+ Substrate

A defect pipe contacting N+'sub-epitaxial region will explain the low

initial breakdown noted (8V), and the resistive saturating characteristic

at higher voltages may be due to depletion narrowing of the pipe by the

increased voltage.

The possibility of microplasma (defects crossing the junction surface)

contribution to the sloping characteristic was explored and eliminated.

The junction did not show light emission under reverse drive and bakeouts

at high temperature had no effect on the characteristic. Microplasmas will

frequently change as surface potentials move in bakeouts.

Diodes #86 was chemically etched to remove all metal from the Junction and

was then etched in a mild silicon etch designed to preferentially attack de-

fect sites. A tiny defect pit was noted, not more than 4 microns in diameter,

which most probably r•epresented the secondary breakdown site - see Figure 25.

Figure 26 is a section taken through the etched junction. It shows an unusu-

ally shallow diffusion depth which is contradictory to the expected depth

.'ui2 21,ez3d earlier. The Junction irregularity seen in Figure 26 may be an

,.". .' .' arlty in a discoloration site, but does not extend deep enough to

73



FIGURE 24

CURVE TRACE OF UNSTABLE

NEGATIVE RESISTANCE REGION

i0 20 30 4o 50

VR in Volts

FIGURE 25

PHOTOGRAPH OF ALLOY SPOT

FIGURE 26

PHOTOGRAPH OF CROSS SECTION

THROUGH ALLOY SPOT
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be the site of the severe b'tlk degradation. The magnification of the figure

is about 700X and shows a Junction depth of 3.7 microns and an epitaxial

depth of 10 microns.

At this time, the failed diodes are assumed to have a higher density of

defect sites than other diodes which makes them more susceptible to over-

stress conditions. Investigations are still in process to measure the power

levels required to degrade these diodes.

2.4~ Forward Bias Model Building Experiments [
The differences in response to forward bias stressing between pellets mounted

on TO-18 transistor headers and pellets mounted in the standard glass package

has been discussed. The forward bias degradation could be related to metallic

contaminants, dislocation density sites in the Junction (in which precipi-

tates may form) or ambient conditions. To investigate these areas experimen-

tal diodes were assembled and tested. When the pellets were assembled on the

transistor headers, some of the anode contacts were made by bonding a gold wire

to a non-overlapping aluminum contact. This construction, shown in Figure 27,

was used to reduce the amount of contact met&l in close proximity to the Junc-

tion and to eliminate the field effect of the overlapping contact. It was

felt that mounting the pelleta on TO-18 headers would reduce strains, dis-

location and metallic precipitates due to the following factors:

1. The kovar base of the header is closely matched in thermal expansion with

the silicor. This should result in lower compressive forces on the pellet

in comparison with those obtained in the normal sealing process.

2. The pressure used in assembling glass diodes may introduce plastic deform-

ations at the high assembly temperatures. TO-18 assembly operations are
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at much lower temperatures.

3. The TO-18 assembly process is peroformed in an ambient free from

contaminants, such as glass and borate salts, which are toth mobile

and soluble at normal sealing temperatures. y

When normal diodes and pellets mounted on TO-18 headers are stressed with

the same bias, the TO-18 mounted devices will operate at higher Junction

temperatures since the thermal conductivity is better in the normal pack-

age. Despite the higher junction temperatures, the results of a small

scale test showed that the pellets mounted on the TO-18 headers did not

degrade significantly while the normally mounted devices degraded at the

previously observed rates. The test results are si%=amrized in Table 5.

TABLE 5

Forvard Bias Test - TO-18 And D{D Mounted Pellets

Number T At i-- Increase
Pellet Package Tested I TA u 1250C "t 50 V

Aluminized TO-18 b 125 mA 2230 C 0

Silver Dot TO-18 8 115 wI 212°C 1 at 1.8x

Silver Dot DH 8 115 mA 1l 0 C 1 at 1.4X

a at 2X

I at 5X

I at TX .
at 65x _ _,t

. . .
k

_____________________________________________



In I second experiment, a group of pellets were removed from the glass

Pck e and were renounted on TO-18 headers with low temperature gold-

Mtinacy preform. The anode contact was made by thermocompression bond-

iOg a gold wire to the pellet. Part of the remounted pellets were left

lAapped (air ambient) and part were capped (no air ambient). All of the

devices, plus some glass mounted controls, were subjected to a forward

CurTent of 100 milliamperes, is an ambient temperature of 100 0 C, for one

week. The reverse leakage current response, at 20 volts, is plotted in

Figure 28; and, 50 volts, is plotted in Figure 29. The data show:

1. The remounted pellets are better than the c" rol diodes, but not to

a significant amount.

2. Three of the pellets that were remounted, and exposed to air, degraded

approximately the same amount as the general population.

3. The entire lot of devices, both experimental units and controls; ex-

hibited high initial reverse leakage currents and showed moe degradation

than average diodes.

The third experiment utilized the same mounting techniques employed in the
/

second experiment. However, the pellets had not been mounted in glass pack-

age,-ptior to the experiment. Once again, part of the pellets were left un-

capped (air ambient), part were capped (no air ambient), and part were mounted

in glass packages. The same stress conditions and time were used and the 20

volt response is shown in Figure 30 and the 50 volt response is shown in Fig-

ure 31. For this set of tests, the data show:

1. The pellets mounted on TO-18 headers showed approxi.ately.the same degra-

dation whether the pellets were. in A, air or a nitrogen, ambient.

2. At the 50 volt level, the worst degradation for the TO-18 mounted pellets
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was 4X. Over half of the normally mounted pellets showed greater degra-

dation than 4X.

Figure -') shows the results of the last experiment. Two lots of pellets.

from the program pellet "'ank, were sampled, mounted on TO-18 headers, and

sealed in nitrogen or left uncapped. Once again, no bignificant differences.

in the degradation were noted for the two types of ambient.

All of these experiments led to the conclusion that oxygen was not of pri-

mary significance in preventing the reverse voltage-current characteristic

from softening under e large forward current stress. These results, which

are in contrast to much of the literature, also led to the conclusion that

the temperature and pressure in the sealing process are the primary influ-

ence for the forward bias failures. These invebtigations are being con-

tinued.
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SECTION 3

MODEL TEST PLANS

3.1 Step Stress Testing

The problems associated with conducting electrical stress tests at very

high temperatures required advances in the state-of-the-art. Workable

solutions were found, the high temperature test cards have been delivered

and the 1750C tests have been started. The 2000C tests will be completed

in the near future. The conclusions drawn from the information that has

been collected are discussed in Section 4.

~3.2 Deterministic Model Test Plan

The Deterministic Model tests will all consist of stress-in-time tests as

* contrasted with the step-stress tests that have been conducted to date.

*The change in the form of the tests will enable the most accurate determin-

ation of acceleration factors and rate constants of the degradation equa-

tions. The test plan will be conducted in two phases; the first phase will

utilize diodes from the pellet lots that were established for the program,

and the second phase will use diodes with controlled manufacturing process

variations. The second phase will be based on the results of the first

phase and may be less complex.

The complete test matrix for the Deterministic Model Test Plan is shown in

Figure 33. The portion of the test plan for the Reverse Bias model has been

discussed in some detail in earlier reports, and is reviewed in Section 1,

The portion of the test plan for the Forward Bias model will be conducted

first, and is more extensive, since more information is needed to complete this

model.
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It to epwed that somw reactions to the stresses villJ1 occur quite rapidly.

In 024W to o ain the requisite data, the electrical perameters will be

read at 0, 5, 20, 100, 200, 500 and 1000 hours. Some portions of the test

UNtr1t NW be terminated before the 1000 hour point, if the response to the

ftl*seg Indicates the advisability of such a step. Based on the results

o? the step-stress tests , the electrical parmeters, that will be monitored

hae bam chaged- slightly, and are. listed below:

1. Dreekdown Voltage (BV) at 5 and 100 microamperes,

2. Reverse Leakage Current (IR ) at 15, 30, 4o, 50, 60 and T0 volts,

3. Forvard Voltage Drop (V,) at 1,100 and 500 milliamperes,

-4. Stored Charge (Q8) at 10 milliamperes,

5. Theral Resistance (Ojc) at 300 milliamperes (will be read at the begin-

ning and at the end of the test program),

6. Capacity (C0 ) at a frequency and bias to be determined.

The 3hape of the reverse voltage-current characteristic is quite important

and it was decided to monitor this shape in the Deterministic Model test

plan. An X-Y plotter was used to record the reverse voltage curve shape for

all of the diodes that will be tested. At the completion of the test stress,

or at the time the unit is removed from test, the curve shape will be record-

ed again. This will permit an accurate determinatiou of the change in the

curve shape. Potential changes in the curve shape will be monitored by the

increased number of breakdown voltage and leakage current measurements.

After the reverse characteristic was recorded, several diodes were selected

for a capacity investigation. These units are being checked at a variety of

bias conditions and frequencies, and the results of the study will determine

the measurement conditions for the test plan.
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The first pellet lots, vith controlled process variations, are rapidly

approaching the point of being assembled into coplete diodes. The pro-

cess variations include the extremes of the vafer resistivity range and

the oxide thickness range. Varying values of sealing temperature and

pressure will be used in the assembly process. It is also planned to seas-

ure the Junction diameter, button size and Junction depth after these de-

vices have been tested. It is anticipated that these variations vill pro-

vide the necessary information to complte the Deterministic Model and to

start structuring the Probabilistic Model.

87
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FIGURE 33

DETEWINISTIC MODEL TEST PLAN
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SECTION 4

DIODE STRESS TEST RESULTS

4.1 Te rature and Reverse Bias

A Deterministic Model relating diode degradation with the stress vari-

ables has been constructed, based on the current results of the step

stress and long term, constant stress-in-time data analyses. The model

is shown in Figure 34. The stress variables that are explicit in the

model are the reverse voltage, VS. and the time on stress, t . The

stress variable of temperature is implicit in the model and is related

to to, the time constant of the degradation mechanism. The dependence of
P0

to on T, takes the form of Arrhenius relationship. The temperature, TM,

and electrical bias, VM, at which the degradation is measureA -kre slso

implicit in this model.

The detailed breakdown of the model depicted in Figure 34 also indicates

0'xplicitly and implicitly those process variables that are expected to

influence the degradation. Thus, the Deterministic Model relating the

arithmetic increase of leakage current, 6I, to stress is: f
K4S (l'e-tslt°)

I 1  , .

where K is a function of the geometry processing eariables and R"Surewlt

conditions, for vhich a "typical" v#lue can be &ass-aed. The Deterministic

Model could be viewed as a mathematical representation of "typicWl' device

behavior relating the change in electrical ciaracteri*tics with streSs.

Such models, vhen shown to be adcequate, swre uteful, ':Or p-rjikt~on an4 es-

timation of degrad.tion; further, the models are e¢t.*e3C! seFul for o -
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taming answers to questions relating to acceleration factors, burn-in

and device specificationa. As the progrm study progresses* a proper

evaluat on will be made of the effect of device-to-deVice variations

(inherent in the K factor) on device degradation. The Deterainistic Model

will then evolve into the more realistic Probabilistic Model.

It should be realized that the development Of the Deterministic odel

is subject to restrictions. That is, the model ves developed for a par-

ticular diode geometry and processin and was shown to hold over a region

of stress variables. The model shown in Figure 34 was developed for the

stress region up to 1500 C temperature and TO volts reverse bias. Preliai-

nary fixed stress testing at 200°C shows a noi-saturating effect of degra-

dation which deviates from the degradation model. Thus, the model will be

modified for the region of increased stress. With the copl.tift of the

constant stress test plan design (Figure '3) for the secow year effort.

the Ieterainidtic Model wini be vertled, refltwd and adiied. 4%e Vo6el

is plotted on linear scales in F9igCre 35;the linear fit an sfti-lag POW

is shown in Figure 36. The table included with Figure 3k showsa the Sati-_

ation of mi=,= degradation, AIS, and the time cc"st3nt, t based W2 the

analysis of data fre the steq-Stress teating. These values vill be "efind

in the analysis of the constant stress-in-time.satrix.

When the degradation mechanima is established, the stoep-otme test data

can be utilized to obtain first estmates of t ftr &IfferWIt T$ valgew, and

to obtain AX for different V values. U an * lq tbe calc-latiovs a.re
S 8

performed for the temprat*re step-stress test i, v1ch VI" TO W"lt, 5

Step 1 - Estimate the expected value or Al the final iromental leek-
3

data obtaied after the 1500V step (since the time eontsnt
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is leas than 100 hours at this temperature level, this would

be a reasonable estimate) 1 54 nanoemperes. The estimated

value of 54 nA is inserted into the equatiou below, as is the

4 nA average leakage sh)aft observed after 16P hours at T50C

(the first step in the ttiiperature step stress).

AI I 1 (l e-168/tol)

and solving for to0 gives

Aol 0 2100 hours.I

Step 2 - Estimate the "equivalent" stress time, ts', for 100 C, which

Is the second step of the temperature stress.

Estimation of t 0for 100 0C must take into account the previous

1.8 hcur stress at 7'50C. Thus, the 4 nA shift that was actu-

ally observed must be related to a reduced time, ts',on the

hig~aer 1000C stress.

4 *54 (1 - e-ts'/to2)

and solving for t ' gives

t a .08tO2 + 166, where to2  is the

time constant associated with 1000C.

Step 3 - EstimAte to2 for TS = 100%0

using the observed average leakage shift, A12, after the 1000 C

step,, &n estimate for t. is obtained as follows:
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t 4 (1 'Cts/to2

1 - 54 e ( -(.o8 to2 + 166)/ )

and solving for to2 gives

t o2 2988 hours

Step 4 - Estimate "equivalent" stress time t5" at 1= 125
0C, (the third

step in the temperature stress sequence). In a similar fashion

to Step 2, the 12 nA shift observed after 100°C is equivalent to

a reduced time, ts", on 1250 C of te" 0.25 to + 168 (neglecting

the second order effect of the previous 168 hours at 750 C).

Step 5- Estimate t0  for TS 1250C. Using the observed average leakageL

shift of 30 nA, &I3, after the 1250C step, to3 is estimated in a

similar fashion to Step 3.

A1 54 (1 -( .25 to + 168)/to)

and solving for to3 gives

t "305 Hours.

The time for the 1500C step, to1 , would be approximately 100 ho=rS, which

compares favorably with the preliminary estimate of 50 hours frem the con-

stant stress-in-time testing. Fitting these estimated values of t to the0

Arrhenius relationshipi to a e'A ! , and equating EA/ to the slope of

the line (K is Boltman's constant), gives a value of EA approximtely

equal to 0.62ev. Applying these estimated time constants to the other

temperature sbep stress cells gave reasonable correlation between the

observed and calculated leakage current shifte.

The fit of mean leakage current shift on a recriprocal *bsclute temperature
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scale based on the results of the step stress testing is shown in

Piglze 37. The actual IRmovement at two measurement bias voltages,

&ft@? each tempe. ature step stress readout 1.3 in Figuare 38. Figures 39

4Md 10 3upport the assir~ption of linearity of degradation (AI) versus

stress voltage (VS) as dictated by the odel.
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LDXAME CItUIT DEGADATION IN TIME FMI THE TN4PMATURE Anit REVERSE BIAS (VR)

"M 1W ST!MES T3PNATUR 750 C.

MATiCUI MODEL; A i Al 5 (a e 4 5 /to)

&WS CI is arithmetic shift of leakage current I
&IS Is maximum shift (at saturation) - function of stress voltage VRP

mesuremnent temperature, and process and design factor-
ts is time unde r stress
to is time constant (time at which 0.63 Al5 is acnieved).
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4.2 Temperature and Forward Bias

The analyses from the temperature and forward bias step-stress testing

show an altogether different degradation response than reverse bias stress-

ing. For the reverse bias stressing, the population response was uniform,

while the forward bias stressing population response was multi-modal. Sme

diodes did not degrade at all while other diodes from the same diffusion lit

degraded progressively with temperature and current to catastrophic levels.

The degradation response to forward current testing is much more dependent

on VM, the measurement bias voltage, than the reverse bias response. Thus,

analyses of the results from such stressing involve attribute type analysis

as well as intensive voltage-current characteristic studies prior to and

after stress. Attribute analysis results should make it possible to estimate

with confidence, the percentages of the different response classes in a

random population. rurthei analysis would thea be requiied Lo tatizate the

degradation rate of a given class of diodes as a function of the stress vari-

ables, TS (temperature) and IS (forward cu rrent).

The median reverse leakae~ current movezent after each temperature step- I
stress readoi (at fixed levels of torwrd eurrent) is shown in Figure 41

for a measureent voitage of 15 volts. The movement at a measureme-1t volt-

age oif 3 volts is shown in Figure 42 and the movement for 50 volts i$ shown

in Figure 43. The moVement is shown for other percentiles, in chart form,

in Fig-t 44 for a teasureent voltage r 50 volts. The reverse leakage

current response to forvard current step-Atress (at 10C), is shovn in

Figure 45,
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The wecissa is linear, reciprocal junction temperature. The junction

t2perature were calculated from the data obtained in the thermal resis-

tame studies. Figure 46 is s graph which may be used to

relate forward current, ambient temperature and the estimated )unctior

tmperature.
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M1LDIA IR vs. TEREATURE STEP STR&S WIT FIXED FO1PWARD CURFEWr
(Stress Cells 12, 13, 14).

IS Forward Stress Current. Vk Measuiremient BULB Voltage *15 V.
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MkDIAN IF vs. TEMPERPATURE STEP STRESS WITH FIXED Mts..,D :URBENT
(Str.s CI 12, 13, 14).

Is Forward Stress Currrjri. VM vMeasuremrent Bias Voltage *30 V.

44 --

if

0

~~jjij

-1~C J3uC ti- -AJ )-4-

;7 zr _ j

FIG- 4

40.0



MEDIAN Ili vs. Tk ?ERATURE STEP STRESS WITH FIXED FCMWAPD CURRET
(Stress Cells 12, 13, 14).
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W 50 V. D33RADATION UNDER ACCELE.ATED PIWARD CURRNT TESTING.

RMh~s CEL.. 12 I IALi ESTIMATED MEN JICO TJUWATUR2

IF I MA. VAES 750C" 10°°C' 1250C' 150'C.

_ e 12 .0_ A x 7 .O - 0 _ 0.9 x 0.7 X

25th fPerentile 16 09 X 0.8 x 0.8 x 0.7 X

5hPercentile 23 0.9 X 0.8 x 0.8 X 0.7 XF.75th Percentile 40 0.8 X 0.7 X 0.7 X 0.7 X L

LW henthie 46 0.9 x 0 .8 x 0.9 x 1.0 x1

CEL3 INITIAL WIAT) JUNCTION TEMPEATURES

0th Percentile 10 0.9 X j r T( -

25,th Prcentile 1Z4 0.9 X 0.8 x 0.8 x ___x

W,. Percentilel 17 0.9 X 0.8 X 1.0 x 1.5 X

75th Percentile 22 1.0 X 1.2 X 1.5 x 14.1

90th PercentileXL28e 1  2.4 x 3.6 x

STSS ('.- 14 0NITIAL ESTYMATED MEAN JTUTION T EPRATUAB

FIXED IF * 100 mA VALUES 110C I cC 158C 182-C.

10th Percentile 10.8 5 -.b -- 1.3 X--

25th Percentile 14 0.8 x 0.8 x 1.8 X 3.3XJ

50th Percentile 20 0.7 X 1,1 X 4.7 x 27.0 X_

75th Percentile 23 1. X 10.9 X > t
90th Percentile 4o 1.9 X 68.8 x > >

S ESS CELL L1 INITI ESTIMATED MEAN JUNCTION T 4PATUR|
.1 ___ __ _ _ I _1c.vX TA 100 C. VALUES 1_0_C. - , 15o. 1340c. 1440C. 1560.

0ecni IngA. Ipw MA f5mA l5_1A 10mA 125 MA 150 mA-- -___ 0.7= x 1.o x I. 1 .og

1 25th Percentile 1 - 0.8 x 1.0 x 1.0 X 1.0 x 1.0 X 1.0

50tn "'ecentile 19 0.9 x Jli X 1.1 X 1.1 X 2.2 X 2, X

75th Percentile 33 0,9 X 1.1 X 1,1 X 2.6 X 13.6 x 16.7 Xi

90th Percentile 42 0.9 X 1.1X 1.4 X 1.1 X 72,1 X >
Units removed for rejection (Assume greater than previoud percentile).
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PERCENTILES 0F Tp vs. JUNCTION TEM1PERATUJRE ON FOPWAIRD CURRENT STEP STRESS ATFIXdI! AMBIEBq TEMPERATLRE (1000C.). (Stress Cell 11).

ISwForward Stress Current in mA. VM , Mesuremett Bias Voltage.w 50 Y.TjvJunction Temperature in degreem, Cei)tizrade.

10,000

IS 15150 50 2 1
156- 1414 134 115 107 100

2.3 -5 27 q 3- 3.CALCULATED JUNCTION TEMERATURE, l/T 103 (OK-1).[

FIGURE 145f
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4.3 Lon Term Constant Stress-in-Time

The parameterlmessurements have been made at the 9000 hour readout

for the operating, temperature storage and temperature plus reverse bias

long term tests. The 8000 hour measurements have been made for the for-

ward bias long term test.

The observed reverse leakage current shift, as a function of time, is pre-

sented in four series of figures. Each series consists of, six figuresone

for each of the pellet diffusion lots. The entire distribution of the re-

sponse is shown in E .ch figure,-for one of the original pellet diffusion

lots. Thus, it is now possible to determine if there is any correlation

between the degradation and a specific pellet lot. When test failures have

been identified, and removed, this fact is noted on the appropriate figure.

A table is inset in each figure which shows the pre-burn-in distribution of

the reverse leakage current,

The response for the operating long term test (IF r 450 mA peak, V R = 30V

peak) io shown in Figure 47-1 through 47-6. There has been very little

response to this stress (as expected) except for one unit in diffusion lot 5.

This unit was an A-2-a type failure, but it is not yet possible to assign

any general failiue response pattern to the populotion.

The temperature plus reverse bias long term test (TA 150 C, VR * 30V) re-

sponse is shown in Figure 48-'l through 48-6. There h&s been more response

for this test than for the operating test, generally in the direction of an

increase in the leakage current. Most of the failures that have been observed

for this test have been determined to be non-legitimate, such as test equip-

ment induced failures. The response pattern will continue to be observed,
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to Check for any possible degradation pattern.

The response for the temperature storage (TA = 2000C) long term test is

shovn in Figure 49-1 through 49-6. Once again, the general response has

been rather small (confirming the model), although several non-legitimate

failures have been produced. A full discussion of these failures is con-

taied in paragraph 2.3 of this report.

The forward bias (IF 50mA) long term test response is shown in Figure

50-1 through 50-6. There has been almost no response to this stress test

Which confirms the prediction of the model. The minimum value unit, for

two of the diffusion lots, shifted downward but it is not yet possible to

detect any general failure response pattern.
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Th forward bias portion of the sodl boS proved to be ~R CO~qeX tun US
reverse bias portion. The observed response to stress has been multimofl Sa
d~ependent an the measuzemut bias voltages. ftis portion Of the VIe5l12 TS a
structured, but the following ?oInts hive been determined, and are dI cusse
in this report:

. the temperature ad pxreure used in the sealing process bM~ IL MJoW
effect in tbi. degrodatio. response pattern,

- the depeodation patterns following the sealing process, forWASd ciOMt
stresses amd at very high temperature stress at tero bias ane IdmtIOal

- the d-gpaded devices, which bad been stressed In the seatin proces,
exhibited microplasus light emission, low amlituae microplam
nots pulses and reverse voltage walkout,

- the observed failure mchanism seem to be surface, rather thin bu"k
ic .lated phenomins,

- there is evidence to Indicate that tUe model should be based ane
high temperature decoposition of a coqiouzxl into comonents, at least
one of which is Sctive in increasing the surface electron omentzatime

- the Planned test matrix to complete the strwturing, verification and
ref inement of the model,

-a siry of the failure anaysis effort performed to W.& a this portion
of the model.

Ntilure an"tyIs will becoe an even more important part of the voft effart to
&chieve the objectives of the progra. This report contains an expltaaton of
the ph"ice! nature of the failure afhauis ad a complete ftilwo e *anr
which defines codes and related the failure adoe categories, fgar incbialm-
and failure causes.

The comprehensive step-stress tests hove been continued. MW 175*C foiird
current, forwad voltage and reverse voltage stresses am eaRc~ete4, an h
data analyted. The 20(7C and 22f C stresses will be completed net. 20 step-
strOss data will be used to extend the range of the reverse bias portia. of the
Deterministia Model as well as to aks certain ttwt all the =s0~42 5t30555
are Included In the Deterministic )&od test plaen.


